Institute of Materials Science and Engineering, Warsaw University o f
Technology, Narbutta 85, 02-524 Warsaw, Poland
A b s t r a c t -I n v e s t i g a t i o n s of r e c o v e r y and d i f f u s i o n on G r a i n
Boundari es C GB> i n p01 ycr y s t a l l i ne a1 umi n i um a t l ow t e m p e r a t u r e s w e r e performed u s i n g t h e d i s l o c a t i o n s p r e a d i n g method. The k i n e t i c s of i s o t h e r m a l GB r e c o v e r y was determined. The r e s u l t s o b t a i n e d show t h a t t h e l o g a r i t h m i c l a w of r e c o v e r y o b t a i n s , which i s c h a r a c t e r i s t i c s of r e c o v e r y of mechanical p r o p e r t i e s . The d i s t r i b u t i o n f u n c t i o n s of GB d i f f u s i v i t y w e r e determined and t h e y s e r v e d , a s a b a s i s f o r c a l c u l a t i n g t h e p a r a m e t e r s of G B s e l f -di f f u s i on : p r e e x p o n e n t i a1 f a c t o r and a c t i v a t i o n energy. I 
t was f o u n d t h a t GB s e l f -d i f f u s i o n i s t h e r a t e c o n t r o l l i n g f a c t o r of t h e r e c o v e r y p r o c e s s . The e f f e c t of thermp-mechanical t r e a t m e n t on b o t h t h e k i n e t i c s of G B r e c o v e r y and t h e d i s t r i b u t i o n s o f G B d i f f u s i o n p a r a m e t e r s w a s p r e s e n t e d . The d i s t r i b u t i o n s o f G B d i f f u s i o n p a r a m e t e r s c a n b e used a s G B c h a r a c t e r i s t i c s of p o l y c r y s t a l .
l. I NTRODUCTI O N Recovery of t h e m i c r o s t r u c t u r e of p01 y c r y s t a l s , a p a r t from i n t r a -g r a i n mechanisms, c a n a l s o t a k e p l a c e by means of a n n i h i l a t i o n o f p o i n t d e f e c t s C l 1 and d i s l o c a t i o n s C21 on G r a i n Boundaries CGBs3 , a s w e l l a s by means of o r d e r i n g of G B s t r u c t u r e C31. A n n i h i l a t i o n i n GBs which l e a d s t o t h e d e c r e a s e of t h e t o t a l d e n s i t y of d e f e c t s is a t h e r m a l l y a c t i v a t e d mechanism c o n t r o l l e d by g r a i n boundary d i f f u s i o n .
The method t h a t was employed i n t h e p r e s e n t work c o n s i s t e d i n s t u d y i n g GB d i s l o c a t i o n s p r e a d i n g . I t a l l o w s t o d e t e r m i n e t h e k i n e t i c s of r e c o v e r y on GBs i n p o l y c r y s t a l s C21 and t o s t u d y G B d i f f u s i o n C4.51. I f a s l i d i n g l a t t i c e d i s l o c a t i o n e n c o u n t e r s a GB, t h e n t h e i r i n t e r a c t i o n r e s u l t s i n a f o r m a t i o n of t h e s o -c a l l e d Trapped L a t t i c e D i s l o c a t i o n C TLD3. A t e l e v a t e d t e m p e r a t u r e s Cwhich i n t h e c a s e of aluminium i s a l s o room t e m p e r a t u r e , as i t e x c e e d s 0.3 Tm3 TLDs undergo d i s s o c i a t i o n i n t o E x t r i n s i c Grain Boundary D i s l o c a t i o n s CEGB-3 and as a r e s u l t t h e stress f i e l d s of TLDs a r e r e l a x e d w i t h t h e k i n e t i c s dependent on t e m p e r a t u r e and t i m e C4-91. 
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one of t h e mechanisms o f r e c o v e r y .
S p r e a d i n g of d i s l o c a t i o n s i n GBs m a n i f e s t s i t s e l f by a n i n c r e a s e of t h e width of d i s l o c a t i o n image. which can b e observed by e l e c t r o n microscopy. when TLD c o n t r a s t f a d i n g c a n b e s e e n . The r a t e o f s p r e a d i n g depends on t h e s t r u c t u r e and chemical c o m p o s i t i o n of GBs, which means t h a t t h i s parameter i s a c h a r a c t e r i s t i c GB p r o p e r t y C101. D i s l o c a t i o n s p r e a d i n g i n GBs i n v o l v e s mass t r a n s p o r t a l o n g G B T6.71 and c a n b e used t o s t u d y GB d i f f u s i o n C4.51. of a n a p p r o p r i a t e t r a c e r .
The a i m of t h i s paper i s t o show how t h e s p r e a d i n g method c a n b e used f o r d e t e r m i n i n g t h e k i n e t i c s of r e c o v e r y p r o c e s s on GBs and f o r i n v e s t i g a t i o n s o f G B s e l f -di f f u s i o n i n p01 y c r y s t a l l i n e a1 umini um.
F u r t h e r m o r e , t h e k i n e t i c s o f G B r e c o v e r y and d i s t r i b u t i o n f u n c t i o n s of G B d i f f u s i o n a l p a r a m e t e r s depend on t h e thermo-mechanical t r e a t m e n t and a s s u c h may form G B c h a r a c t e r i s t i c s f o r p o l y c r y s t a l l i n e m a t e r i a l s .
MATERIAL
I n v e s t i g a t i o n s w e r e performed on p01 y c r y s t a l l i n e 4N a1 umi n i um whose chemical c o m p o s i t i o n is p r e s e n t e d i n t a b l e I . The d e t a i l e d d e s c r i p t i o n of t h e m a t e r i a l i s p r e s e n t e d i n r e f . Cl1 l. I n o r d e r t o d e t e r m i n e t h e i n f l u e n c e of thermo-mechani c a l t r e a t m e n t on G B char a c t e r i s t i c s i n p01 ycr y s t a l t h e m a t e r i a1 w a s p r e p a r e d by means of h y d r o s t a t i c e x t r u s i o n and s u b s e q u e n t r e c r y s t a l l i z a t i o n a n n e a l i n g a t two t e m p e r a t u r e s : 878 K C s t a t e S3 and 623 K 
C s t a t e G> i n o n e hour. T h i s y i e l d e d two P o l y c r y s t a l s S and G w i t h mean g r a i n sizes of 4 and 22 pm, r e s p e c t i v e l y . I n e a r l i e r i n v e s t i g a t i o n s i t w a s e s t a b l i s h e d t h a t P o l y c r y s t a l S i s c h a r a c t e r i z e d by a h i g h e r f r a c t i o n of GBs w i t h o r d e r e d s t r u c t u r e t h a n P o l y c r y s t a l G C101.
EXPERIMENTAL
Two methods c a n b e used t o d e t e r m i n e t h e s p r e a d i n g k i n e t i c s o f d i s l o c a t i o n s on GBs. The f i r s t is based on i n v e s t i g a t i o n s of s p r e a d i n g when a n n e a l i n g i s conducted i n i s o t h e r m a l c o n d i t i o n s and t h i s method was used i n t h e p r e s e n t work. The s e c o n d i s based on i s o c h r o n a l a n n e a l i n g s a t v a r i o u s t e m p e r a t u r e s C 41 .
S p r e a d i n g was o b s e r v e d on t h i n f o i 1s by means of t h e P h i l i p s e l e c t r o n microscope w i t h a n a c c e l e r a t i n g v o l t a g e o f 100 kV.
The o b s e r v a t i o n s i n Pol y c r y s t a l G were performed a t f o u r t e m p e r a t u r e s : 293, 343, 373 and 403 K, and i n Pol y c r y s t a l S a t 293, 373 and 403 K. I n t h i s work t h e e x p e r i m e n t a l p r o c e d u r e was a p p l i e d which i s d e s c r i b e d i n d e t a i l i n r e f . C21.
I n o r d e r t o c h a r a c t e r i z e t h e p r o c e s s o f r e c o v e r y on GBs i n a g i v e n sample, changes i n t h e number of GBs w i t h and f r e e of TLDs were d e t e r m i n e d a s a f u n c t i o n o f a n n e a l i n g t i m e a t a g i v e n t e m p e r a t u r e . For e a c h measuring t i m e -t e m p e r a t u r e p o i n t t h e f r a c t i o n X o f GBs f r e e o f TLDs was determined a f t e r o b s e r v i n g 3 t o S f o i l s and a t least 50 b o u n d a r i e s .
R e g a r d l e s s o f t h e s p r e a d i n g model C6,7,121 t h e s p r e a d i n g t i m e t d a t t e m p e r a t u r e T is i n v e r s e l y p r o p o r t i a n a l t o t h e GB d i f f u s i o n c o e f f i c i e n t Db where A i s a c o n s t a n t and i t depends on t h e model assumptions, 6 is t h e g r a i n boundary width. According t o t h e model of Lojkowski and Grabski C 123 where C i s t h e numerical . c o n s t a n t , V is t h e atomic volume, G is t h e s h e a r
a n c e s and t h i s was confirmed by Varin and Romanowska C131. The v a l u e of c o n s t a n t C = 20 was assumed a f t e r r e f . C131.
Dependence of t h e f r a c t i o n of GBs w i t h TLDs C 1 -X> on t h e t i m e of a n n e a l i n g a t 293 up t o 1500 h f o r Pol y c r y s t a l s G and S is p r e s e n t e d a t Fig. l . 
l t s of i n v e s t i g a t i o n s concerning changes i n t h e f r a c t i o n of GBs w i t h TLDs
C l -X > a s a f u n c t i o n of t i m e can be approximated by e q u a t i o n :
where X -t h e f r a c t i o n of GBs f r e e from TLDs, t d -r e c o v e r y t i m e i n seconds,
A and B -c o n s t a n t s f o r a g i v e n t e m p e r a t u r e . The s a m e dependence is regarded a s c h a r a c t e r i s t i c of t h e r e c o v e r y of mechanical p r o p e r t i e s and i t is u s u a l 1 y c a l l e d t h e l o g a r i t h m i c r e c o v e r y l a w C141. P o l y c r y s t a l s G and S d i f f e r d i s t i n c t l y as f a r a s t h e c o u r s e of r e c o v e r y i s concerned CFigs. 1 and 2).
The rate of r e c o v e r y i s much higher i n P o l y c r y s t a l G t h a n i n S. The rate of r e c o v e r y i n both p o l y c r y s t a l s i n c r e a s e s markedly w i t h t e m p e r a t u r e . Recovery r a t e d e c r e a s e s w i t h i n c r e a s i n g e x t e n t of r e c o v e r y .
On t h e b a s i s of t h e o b t a i n e d d a t a t h e a c t i v a t i o n e n e r g y of t h e p r o c e s s was determined from t h e e q u a t i o n :
where C -c o n s t a n t f o r a given f r a c t i o n . 8 -r e c o v e r y a c t i v a t i o n energy. P l o t t i n g t h e graph I n t d v e r s u s 1/T f o r a c o n s t a n t f r a c t i o n , from t h e s l o p e of t h e l i n e t h e v a l u e s of Q corresponding t o f r a c t i o n s from t h e r a n g e 0 . 2 -
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Cl-X3 c o v e r e d by t h e measurements w e r e o b t a i n e d f o r b o t h p o l y c r y s t a l s . The v a l u e s o b t a i n e d a r e p r e s e n t e d i n F i g . 3.
A c t i v a t i o n e n e r g y of r e c o v e r y Q changes l i n e a r l y w i t h t h e f r a c t i o n of GBs w i t h TLDs Cl-XI, t h e r a n g e of t h e changes b e i n g d i f f e r e n t f o r t h e two p01 y c r y s t a l s . The l i n e a r dependence of a c t i v a t i o n e n e r g y on t h e f r a c t i o n Cwhere QO . b -c o n s t a n t s 3 was observed. For e a c h ti me-temperature p o i n t t h e d i f f u s i v i t y v a l u e w a s c a l c u l a t e d u s i n g e q u a t i o n C l > . N e x t t h e d i s t r i b u t i o n f u n c t i o n s of GB d i f f u s i v i t y w e r e determined a t d i f f e r e n t t e m p e r a t u r e s and t h e y a r e p r e s e n t e d i n F i g . 4 and 5. 
Such dependence i s c h a r a c t e r i s t i c of r e c o v e r y p r o c e s s e s f o r which t h e l o g a r i t h m i c l a w o b t a i n s C141. As Q is dependent on r e c o v e r y f r a c t i o n , i t i s a l s o a f u n c t i o n of t i m e , which means t h a t 8 changes d u r i n g r e c o v e r y . The Q v a l u e s o b t a i n e d r e v e a l t h a t r e c o v e r y a c t i v a t i o n e n e r g y i n c r e a s e s w i t h t h e d e g r e e t o which r e c o v e r y h a s advanced. T h i s means t h a t r e c
The o b t a i n e d d i s t r i b u t i o n s g i v e t h e GB c h a r a c t e r i s t i c s of d i f f u s i
o n a l p r o p e r t i e s i n a1 umi n i um p01 ycr y s t a l S and t h e y depend on t h e r mo-mechani c a l t r e a t m e n t . The r e s u l t s o b t a i n e d show t h a t t h e GB d i f f u s i v i t i e s a t a g i v e n t e m p e r a t u r e d i f f e r from e a c h o t h e r by two o r d e r s of t h e magnitude o r even more. F u r t h e r m o r e , t h e v a l u e s of G B d i f f u s i v i t i e s i n P o l y c r y s t a l G a r e h i g h e r i n comparison w i t h Pol y c r y s t a l S. So t h e h i g h e r d i f f u s i o n a l p r o p e r t i e s i n t h e g i v e n aluminium o n e c a n o b t a i n i n t h e c a s e of a h i g h e r r e c r y s t a l l i z a t i o n log (dob ) t e m p e r a t u r e .
The above r e s u l t s d e s c r i b e p r o c e s s o f s e l f -dif f u s i o n i n aluminium and i f o n e a p p r o x i m a t e s t h e s e r e s u l t s t o t h e t e m p e r a t u r e o f 5 2 3 K t h e y a r e i n a good agreement w i t h r e s u l t s of computer s i m u l a t i o n s of G B s e l f -d i f f u s i o n a t 523 K i n aluminium o b t a i n e d by Biscondi I151.
I t c a n b e assumed t h a t i n log-normal c o o r d i n a t e s t h e e x p e r i m e n t a l p o i n t s a t c o n s t a n t t e m p e r a t u r e CFig. 4 and 53 c a n be approximated by l i n e a r f u n c t i o n . I n t h i s way t h e d i s t r i b u t i o n f u n c t i o n s of t h e G B d i f f u s i v i t y t a k e a form of s t r a i g h t l i n e s i n t h e e x p e r i m e n t a l a r e a . The s l o p e of t h e s e l i n e s depends weakly on t e m p e r a t u r e f o r P o l y c r y s t a l G b u t h a s a s t r o n g t e m p e r a t u r e dependence f o r P o l y c r y s t a l S. T h i s i n d i c a t e s t h a t d i s t r i b u t i o n of GB d i f f u s i o n a c t i v a t i o n e n e r g i e s i s more uniform f o r P o l y c r y s t a l G t h a n f o r The o b t a i n e d p a r a m e t e r s of GB s e l f -dif f u s i on : p r e e x p o n e n t i a1 f a c t o r dDbO and a c t i v a t i o n e n e r g y of GB s e l f -d i f f u s i o n Qb are g i v e n i n t a b l e 11. These d i s t r i b u t i o n s a r e much more uniform i n Pol y c r y s t a l G t h a n i n S. The v a l u e s of GB s e l f -d i f f u s i o n p a r a m e t e r s a r e c l o s e one t o t h e o t h e r i n P o l y c r y s t a l G w h i l e i n P o l y c r y s t a l S t h e s e v a l u e s f a l l i n a b r o a d e r r a n g e . Tab1 e I I . G r a i n boundary s e l f -di f f u s i on p a r a m e t e r s i n a 1 umi n i um o b t a i n e d by t h e d i s l o c a t i o n s p r e a d i n g method.
The determined v a l u e s of r e c o v e r y a c t i v a t i o n e n e r g y c o r r e s p o n d t o t h e v a l u e s of GB s e l f -di f f u s i on a c t i v a t i o n e n e r g y and t h e r e f o r e i n d i c a t e that GB s e l f -d i f f u s i o n is t h e r a t e c o n t r o l l i n g f a c t o r f o r r e c o v e r y on GBs. I n d i v i d u a l GBs i n p01 ycr y s t a l d i f f e r i n t h e i r d i f f u s i o n a l p r o p e r t i e s which r e f l e c t s t h e d i f f e r e n c e s i n t h e s t r u c t u r e and l e a d s t o t h e d i f f e r e n c e s i n r e c o v e r y k i n e t i c s . The P o l y c r y s t a l s G and S have d i f f e r e n t GB c h a r a c t e r i s t i c s a s a consequence of t h e i r d i f f e r e n t thermo-mechanical t r e a t m e n t s , hence t h e y d i f f e r i n k i n e t i c s o f t h e p r o c e s s .
Pol y c r y s t a l S C4 pm3 G C22 pm3 5. CONCLUSI ONS 1. The k i n e t i c s of r e c o v e r y by a n n i h i l a t i o n of d i s l o c a t i o n s i n GBs i n a1 umi n i um c a n b e d e t e r rni ned by t h e d i sl o c a t i on s p r e a d i n g method and i t i s d e s c r i b e d by t h e l o g a r i t h m i c r e c o v e r y l a w .
2.
The r a t e of r e c o v e r y on GBs depends on t h e G B c h a r a c t e r i s t i c s of p01 y c r y s t a l S. 
